Spermatogonial stem cells (SSCs) continue to proliferate in the testis to support spermatogenesis throughout life, which makes them ideal targets for germline modification. Although recent success in the production of transgenic and knockout animals using SSCs has opened up new experimental possibilities, several problems, including the low efficiency of germ cell transplantation and poor fertility rates, remain to be resolved. In the present study, we took advantage of the xenogeneic transplantation to resolve these problems. Rat SSCs were transduced in vitro with a lentiviral vector that expressed enhanced green fluorescent protein (EGFP), and then transplanted into the testes of immunodeficient mice. The transduced rat SSCs produced EGFP-expressing spermatogenic cells, and microinsemination using these cells was used to produce transgenic rats, which stably transmitted the transgene to the next generation. Thus, xenogeneic transplantation is a powerful strategy for transgenesis, and smaller xenogeneic surrogates can be used for male germline modification using SSCs.
INTRODUCTION
Spermatogonial stem cells (SSCs) support spermatogenesis throughout life and are similar to embryonic stem (ES) cells in that they have self-renewal activity and transmit genetic information to the next generation [1, 2] . Thus, they are an attractive target for germline modification, and several attempts have been made to produce transgenic offspring by transducing foreign genes into SSCs. The first successful transduction of SSCs involved the use of a retroviral vector; mouse testis cells were exposed in vitro to a retrovirus vector and then transplanted into the seminiferous tubules of congenitally infertile adult recipients [3] . The transplanted cells produced germ cell colonies that expressed the transgene. Although this study clearly indicated that SSCs could be genetically modified, the recipient animals could not sire transgenic offspring due to poor fertility and low retroviral transduction efficiency. Nevertheless, the problem was subsequently resolved by improving the efficiency of donor cell colonization using immature pup recipients, which can enhance donor cell colonization by about 10-fold [4] . The recipient males were able to sire transgenic offspring by mating with wild-type females [5] . These experiments showed that SSCs can be transduced with viral vectors and suggested that the restoration of fertility is a key problem in transgenic mouse production using SSCs.
After the initial success with retrovirus-mediated transgenesis in mice, attempts were made to produce transgenic rats using a lentiviral vector. Unlike retroviral vectors, which can transduce dividing cells, lentiviviral vectors have the advantage of being able to transduce both dividing and nondividing cells. This was particularly important in the genetic manipulation of tissue stem cells, which divide infrequently [6] . Although SSCs could be efficiently transduced with a lentiviral vector in vitro [7] , direct extrapolation of the mouse recipient preparation protocol to rats failed to provide an appropriate environment for germ cell transplantation [8] . This was due in part to the greater sensitivity of rats to the toxic systemic effects of busulfan, which is used to remove endogenous spermatogenesis during host preparation. Moreover, although the removal of endogenous spermatogenesis is essential for efficient SSC colonization, complete removal in rats disturbs hormonal environment of the testes, leading to extensive edema. These problems were resolved by using immature rat recipients, and 30% of the recipients were able to sire transgenic rats [9] . However, the outcome of such experiments was unpredictable, with variable levels of donor cell colonization being detected after transplantation [10] .
SSCs are unique in that they can undergo spermatogenesis in a xenogeneic environment. For example, rat SSCs can complete spermatogenesis and produce normal sperm in the testes of immunodeficient nude mice [11] . By recovering rat sperm generated in mouse testis, we recently showed that such xenogeneic sperm are fertile [12] . These experiments raised the possibility that the use of smaller surrogate animals might preclude the need for complicated rat recipient preparations, but the success of initial attempts at genetically modifying rat SSCs by xenogeneic transplantation was limited: only 0.5% of the SSCs exposed to a retroviral vector produced germ cell colonies carrying the transgene [13] . This occurred despite the fact that the concentration of SSCs was higher in a rat testis than in a mouse testis and that rat SSCs produced larger areas of spermatogenesis after transplantation than mouse SSCs [14] , which suggests that they are more resistant to viral infection. Furthermore, the xenogeneic sperm from the mice showed a relatively low fertility rate, suggesting that sperm cells that mature in a xenogeneic environment may be limited in their developmental capacity [12] . Indeed, similar attempts to produce transgenic hamsters using xenogeneic germ cells also failed despite successful fertilization [15] . These results suggested that xenogeneic sperm may not be competent for transgenesis.
In this paper, we report the first successful application of xenogeneic SSC transplantation technique for the production of transgenic rat offspring. Donor rat testis cells were exposed to a retroviral or lentiviral vector and then transplanted into the seminiferous tubules of infertile nude mouse recipients. Xenogenic rat sperm were then recovered and used to produce transgenic rat offspring by in vitro microinsemination.
MATERIALS AND METHODS

Donor Cell Preparation and In Vitro Infection
Donor testis cells were collected from 12-to 18-day-old Sprague-Dawley rats by digestion with collagenase and trypsin (Japan SLC, Shizuoka, Japan). The single-cell suspensions (3.5 3 10 6 cells/well) then were cultured on mitomycin C-treated mouse embryonic fibroblasts (MEFs) in a six-well plate. Viral particles were produced by transient transfection using packaging cells. For the production of the retrovirus, the Plat-E packaging cell line was transiently transfected with pGen À -IRES-EGFP (pGpig), which expresses enhanced green fluorescence protein (EGFP) under the control of the phosphoglycerate kinase-1 (Pgk1) promoter [16] . The supernatant was concentrated as described previously [17] . For the production of the lentivirus, 293FT cells were transfected with pLenti6/UbC/EGFP, which expresses EGFP under the control of the Ubc promoter (a gift from Dr. Shinya Yamanaka, Kyoto University, Kyoto, Japan) [15] . The virus particles were produced in Dulbecco modified Eagle medium/10% fetal calf serum. The SSCs then were transduced with the virus particles as described previously [16] . In brief, dissociated testis cells on MEFs were incubated with the viral supernatant (1.2 ml in a six-well plate) in the presence of 10 lg/ml polybrene (Sigma, St. Louis, MO) and centrifuged at 3000 3 g for 1 h at 328C. The cells then were incubated overnight after adding an equal amount of fresh medium. The multiplicities of infection for pGpig and pLenti6/UbC/EGFP were 14.3 and 0.5, respectively.
Transplantation
The infected cells were transplanted into the seminiferous tubules of KSN nude mice (Japan SLC) that had been treated with 44 mg/kg busulfan at 4 wk of age. Two days after treatment, the animals were given a bone marrow transplant to avoid bone marrow failure. Approximately 10 5 donor rat testis cells were microinjected via an efferent duct at least 1 mo after busulfan treatment [18] . The injection filled 75%-85% of the tubules in each recipient testis. The Institutional Animal Care and Use Committee of Kyoto University approved all of the animal experimentation protocols.
Microinsemination
Seminiferous tubule fragments showing EGFP fluorescence were carefully dissected using fine forceps, and spermatogenic cells were recovered by repeated pipetting. Offspring were produced using two colonies in the retrovirus experiment, whereas both round spermatids and spermatozoa used in the lentivirus experiment were derived from the same single colony. Donor round spermatids were confirmed based on their morphology and the presence of EGFP fluorescence under UV light. Spermatozoa were identified by their unique acrosome shape. Oocytes were collected from 4-to 6-wk-old SpragueDawley female rats, which were superovulated by intraperitoneal injections of 300 IU/kg eCG and 300 IU/kg hCG at an interval of 48 h. Oocytes were collected from the oviductal ampullae 14-17 h after the hCG injection.
Spermatozoa were subsequently microinjected into oocytes as described previously [19] . For round spermatid injection, one of two different regimens (DC pulses or ionomycin) was applied to activate oocytes 40 min before injection [20] . For DC pulse treatment, oocytes were transferred into DC activation solution (0.3 M mannitol, 0.1 mM CaCl 2 , 0.1 mM MgSO 4 , and 0.1% fatty acid-free BSA; Sigma) and then placed between the electrode gap (width 0.5 mm, depth 2.0 mm) of a circular elecrofusion chamber (FTC-01; Shimadzu Scientific Instruments, Kyoto, Japan) containing 20 ml DC activation solution. A DC pulse at 50 V/mm was applied twice to the oocytes for a duration of 99 msec each at an interval of 1 sec using an electro cell fusion generator (LF101; Nepa Gene, Chiba, Japan). The oocytes then were washed twice with mR1ECM medium [21] . For ionomycin treatment, oocytes were incubated for 5 min in mR1ECM medium containing 5 mM ionomycin (Sigma) at ambient temperature and washed twice with mR1ECM medium, and then the oocytes were treated for 4 h with 5 mg/ml cycloheximide (Sigma). The constructed eggs were cultured for 24 h and then transferred into the oviductal ampullae of pseudopregnant Wistar rats. Offspring were recovered by cesarean delivery 21 days later.
Analysis of the Recipient Testes
Donor cell colonization was evaluated based on the fluorescence under UV light [16] . These methods allowed the specific identification of donor germ cells, as the host testis cells did not show endogenous fluorescence. For immunohistological staining, the testes were fixed in 4% paraformaldehyde and then frozen in Tissue-Tek OCT compound (Sakura Finetechnical, Tokyo, Japan) for cryosectioning. The slides were analyzed under confocal laser scanning microscopy. Meiosis was detected by immunofluorescence using antisynaptonemal complex protein 3 (SYCP3) antibodies, which were prepared in our laboratory using a synthetic oligopepetide [22] . Alexa 488-conjugated antirabbit immunoglobulin G antibodies were used to detect the anti-SYCP3 antibody (Molecular Probes, Eugene, OR). Rhodamine-conjugated peanut agglutinin (PNA) was used to detect acrosomes (Vector Laboratories, Burlingame, CA).
DNA Analysis and Southern Blotting
Genomic DNA was isolated from the tissue samples by phenol/chloroform extraction followed by ethanol precipitation. Polymerase chain reaction was conducted using specific primers for EGFP (5 0 -ACGGCAAGCTGACCCT-GAAG-3 0 and 5 0 -GGGTGCTCAGGTAGTGGTTG-3 0 ). The PCR conditions were 948C for 5 min, followed by 25 cycles of 948C for 1 min, 628C for 30 sec, and 728C for 1 min. For Southern blot analysis, 20 lg DNA was digested with DraI and then separated on a 1.0% agarose gel. DNA transfer and hybridization were performed as described previously [23] . Full-length EGFP cDNA was used as a probe.
RESULTS
Retroviral Transduction of Rat SSCs In Vitro
Previous studies showed that rat SSCs may be transduced by coculturing them with retrovirus-producing feeder cells [13] . However, the efficiency of transduction using a stable retrovirus-producing cell line was low, possibly due to a low viral titer. In our first set of experiments, we used an EGFPexpressing retrovirus (pGpig) that expresses EGFP under the control of the Pgk1 promoter [16] . We produced the virus through the transient transfection of a packaging cell line. However, our preliminary results indicated that simply coculturing the SSCs with the retroviral supernatant did not lead to SSC transduction. We therefore concentrated the viral supernatant by centrifugation, and exposure to the virus was further enhanced by centrifuging the SSCs on MEFs with the concentrated viral supernatant. All of the donor cells were prepared from immature rat testes, because they are enriched for SSCs due to the absence of mature germ cells [4, 13] . A previous study demonstrated moderate changes in stem cell concentration during postnatal testis development, with the highest concentration in the pup testis [24] . After centrifugation, an equal amount of fresh medium was added to the culture, and the plate was incubated overnight. The next day, the cells were trypsinized and transplanted into the seminifer-ous tubules of busulfan-treated immunodeficient mice. Three experiments were performed, and a total of eight mice received the infected donor cells (Fig. 1) .
To obtain transgenic offspring from the transfected SSCs, we used microinsemination. We killed four of the recipients at 5 mo after transplantation. When their testes (eight testes) were analyzed under UV light, we detected a total of two EGFPexpressing colonies in two different hosts. These colonies were dissected carefully using fine forceps, and spermatogenic cells were recovered by repeated pipetting. Approximately 10 5 cells were collected from each tubule. A portion of the recovered cells was frozen in liquid nitrogen. A total of four microinsemination experiments were performed using both fresh and freeze-thawed round spermatids. Round spermatids were used in these experiments because they are the most advanced cell type that expresses EGFP. Only EGFP-expressing round spermatids were selected under UV light. In total, 312 embryos were constructed by microinjection, activated by an electric pulse, and then transferred into the oviducts of six pseudopregnant females after culturing for 24 h. Of the 166 transferred embryos, 28 were implanted, and six offspring were born in two of the four experiments (Table 1) .
In agreement with our previous results [12] , none of the eggs that were constructed using fresh spermatids developed into offspring; offspring were obtained only with the freezethawed round spermatids. Although these offspring were healthy and grew into normal adults, none of the six offspring showed EGFP fluorescence. Furthermore, no evidence of transgene integration was found by PCR or Southern blot analysis, despite our using only EGFP-expressing round spermatids for microinsemination. When the rest of the recipient animals were analyzed at 7 mo after transplantation, none of them contained EGFP-expressing colonies.
Lentiviral Transduction of Rat SSCs In Vitro
In the second set of experiments, we made two improvements to our experimental strategy. First, we used a lentiviral vector to enhance the transduction efficiency of the SSCs. Second, we used cycloheximide and ionomycin to promote embryonic development. The lentivirus was produced by transient transfection of a packaging cell line. Using centrifugation, a single-cell suspension of immature pup testis cells on MEFs was exposed to a lentiviral vector carrying EGFP under the control of the Ubc promoter. The viral supernatant was not concentrated in this experiment. The infected cells were cultured overnight, and then trypsinized and microinjected into the seminiferous tubules of the recipients.
Two transplantation experiments were performed using 12 immunodeficient nude mouse recipients. Three months after transplantation, one of the recipient animals was killed to examine the degree of donor cell transduction. Numerous EGFP-expressing colonies were detected using UV light (Fig.  2, A and B) . Histological examination revealed that those donor rat germ cells with green fluorescence underwent meiosis in the mouse seminiferous tubules, as indicated by the expression of SYCP3 (Fig. 2C) . Acrosomes also were found in the germ cell colonies (Fig. 2D) , which suggested that the donor rat SSCs successfully matured into sperm. However, in addition to germ cell colonies from the SSCs, we observed irregularly shaped colonies in the seminiferous tubules (Fig.  2E) . The colonies did not contain SYCP3-positive cells, but   FIG. 1 . Diagram of the experimental protocol. Donor rat testis cells were dissociated by enzymatic digestion and infected in vitro with an EGFP-expressing retrovirus or lentivirus. The infected cells then were transplanted into busulfan-treated infertile nude mouse testes. At 5 mo after transplantation, the EGFP-positive colonies were dissected, and round spermatids or sperm were isolated by mechanical dissociation. The cells then were microinjected into rat oocytes that had been cultured for 24 h in vitro, and transferred into the oviducts of psedopregnant female rats to produce transgenic offspring. DNA from the transgenic offspring was subjected to Southern blot analysis using an EGFP probe. TRANSGENIC RATS BY XENOGENEIC TRANSPLANTATION they exhibited EGFP fluorescence (Fig. 2F ). Considering our previous observation that immature testis somatic cells were able to colonize busulfan-treated testis [25, 26] , this result suggested that testicular somatic cells were also transduced by the lentivirus and colonized the seminiferous tubules of the mice. Because one cycle of rat spermatogenesis takes 53 days [11] , we waited 5 mo to give a sufficient time window for sperm development before killing one of the males for microinsemination. Segments of donor-derived EGFP fluorescent colonies were recovered by microdissection (Fig. 3A) . On average, 1.1 6 0.2 3 10 5 cells could be recovered from each tubule fragment, and 37.2% 6 5.0% of the dissociated cells showed EGFP fluorescence (mean 6 SEM, n ¼ 12). The germ cell suspension was collected and frozen in liquid nitrogen before microinsemination (Fig. 3, B-D) . Three microinsemination experiments were conducted using the freeze-thawed germ cells. In two of the three experiments, we picked up only EGFPexpressing round spermatids (Fig. 3E) , whereas in the third experiment, the spermatozoa were used without confirming donor EGFP marker expression, although EGFP fluorescence was not apparent in those cells. In total, 430 embryos were constructed using spermatids and spermatozoa, 247 of which were transferred into the oviducts of pseudopregnant females (Table 1 ). In total, we obtained 25 offspring from the three experiments. However, while only round spermatid injection produced offspring, no offspring were obtained using intracytoplasmic sperm injection (ICSI), and only a few implantation sites were detected. Testis cells were collected from the rest of the recipient animals at 7 mo after transplantation and were cryopreserved in liquid nitrogen.
We next analyzed the expression and integration of the lentiviral vector. Although 7 (28%) of 25 F1 offspring showed EGFP fluorescence under UV light (Fig. 3F) , the level of fluorescence varied. In total, 21 offspring grew up into adults. DNA then was isolated from the tails of the animals and analyzed for the integration of lentiviral DNA by PCR and Southern blotting. Our PCR results revealed that 11 (52%) of 21 offspring contained the lentiviral transgene (Fig. 4A) . To confirm this result, we performed Southern blotting using fulllength EGFP cDNA as a probe. The genomic DNA was digested with DraI, which does not cleave within the probe, and thus a single unique band would be expected in the case of a single lentiviral insertion [16] . We not only confirmed the presence of the transgene by Southern blotting (Fig. 4B) , but also detected unique-sized fragments among the offspring, suggesting that the offspring were derived from SSCs that had undergone viral insertion at different sites in the genome. Two of the offspring contained two transgenes, but the rest of the transgenic progeny contained one transgene.
To confirm that the transgenes were stably integrated into the germline, we selected two transgenic offspring and mated them with wild-type animals. Both of the animals were fertile and produced a total of 25 offspring. Southern blot analysis and the detection of EGFP expression using UV light confirmed the presence of the transgenes in 13 (52%) of 25 F2 offspring (Fig.  4C) .
DISCUSSION
The development of a technique for germ cell transplantation opened up the possibility for germline modification using SSCs [27] . In vitro genetic manipulation with subsequent transplantation can be used for both transgenic or knockout animal production [23, 28] . SSC culture systems have been developed and hold great promise for germline manipulation, including knockout rat production. However, at least two problems need to be resolved for efficient transgenesis using SSCs. One of the problems is the slow growth of SSCs in vitro [29] . SSCs proliferate much more slowly than ES cells, which makes it difficult to perform genetic selection [23] . Another important problem is the low fertility of the recipients [30] . Low fertility is often caused by inefficient donor stem cell colonization, which leads to reduced spermatogenesis and decreased sperm production. Specifically, it occurs when only a few stem cells are transplanted or when the recipient preparation is inappropriate. Although a large number of SSCs could be collected from cultured cells [29] , recipient preparation continues to be a major challenge in many animal species, including rats, in which a complicated regimen is required for transplantation [8, 24] . Indeed, few reports exist on using germ cell transplantation to produce donor-derived offspring in animals other than mice, and even in these successful cases, the restoration of fertility was a relatively slow process (3-6 mo) and occurred in only a few recipient animals [9, 10, 24, 31, 32] . Therefore, preparing sufficient numbers of rat SSCs and recipients is necessary to produce offspring from an individual clone. A need clearly exists to overcome these problems to establish a practical genetic manipulation protocol for SSCs.
In this study, we sought to resolve this fertility problem by exploiting xenogeneic transplantation techniques. The use of xenogeneic transplantation in an SSC-based system offers unique advantages. For example, SSCs transplanted in closely related animals can produce fertile sperm [11, 12] . Although syngeneic transplantation has been established in several species [32] , the techniques involved vary depending on the anatomical and physiological characteristics of the target species. For example, microinjection is more difficult in rats than in mice, and the preparation of rat recipients is more   FIG. 3 . In vitro microinsemination and the production of transgenic rat offspring. A) Macroscopic appearance of a segment of EGFP-expressing seminiferous tubule that was colonized by rat SSCs. B) A single-cell suspension made from the colony by mechanical dissociation is shown in bright field. Arrows indicate the EGFP-expressing round spermatids used for microinsemination. C) The fluorescence of the same cell suspension under UV light. D) Spermatozoa in the cell suspension are indicated by an arrow. E) Microinsemination with rat oocytes using an EGFP-expressing round spermatid. F) Rat offspring showing EGFP fluorescence (arrows). Fluorescence was not observed in the nontransgenic progeny (arrowhead). Bars ¼ 100 lm (A) and 20 lm (B-E). The width of panel F is 6.9 cm.
problematic [8] . Although mice can be readily treated with busulfan at any adult stage, only immature pups need to be injected with busulfan at a particular stage of development [10, 30] . Moreover, variation in the sensitivity of individual rats to busulfan makes it difficult to prepare host animals efficiently. Unlike mouse recipients, rat recipients should retain some degree of residual endogenous spermatogenesis for the successful restoration of fertility [10] . The complete removal of endogenous spermatogenesis causes an imbalance in the hormonal microenvironments of the recipient testis and has a negative impact on donor cell colonization. In this context, the use of mouse recipients alleviates the need for complicated recipient preparation and reduces variation in the outcome of transplantation, providing a more reliable method for obtaining differentiated gametes from rat SSCs. Furthermore, the use of a smaller surrogate has additional advantages in terms of reducing the space required and the cost of animal breeding.
In this study we used a recently developed rat microinsemination technique [19, 33] . Microinsemination has revolutionized reproductive technology [34] , and it is essential for examining the potential fertility of germ cells developed in a xenogeneic microenvironment. Moreover, the technique reduces generation time by using a small number of differentiated germ cells in a segment of the seminiferous tubules. To produce rat offspring by syngeneic transplantation and natural mating, preparing large numbers of stem cells is necessary (at least ;10 5 to ;2 3 10 6 cells, according to previously published reports) [9, 10] . This is because rat testis is approximately 10-fold larger than that of mice, so the transplantation of a small number of SSCs will not be sufficient for restoring fertility. However, rat SSCs grow very slowly in the current culture protocols [35, 36] . In contrast, as few as ;10 4 cells are sufficient for xenogeneic transplantation, because microinsemination is possible using small segments of colonized tubules (Kanatsu-Shinohara et al., unpublished results). Thus, xenogeneic transplantation with microinsemination provides a fast, efficient, and reliable strategy for producing transgenic rats in the laboratory using SSCs.
Although the transduction efficiency of rat SSCs appeared to be significantly lower than that of mice, the rat SSCs were successfully infected with both types of viral vectors. Assuming that 10 5 pup testis cells contain 28.4 SSCs [24] , the estimated transduction efficiency by retrovirus vector was 0.9%. On the other hand, we could not evaluate the transduction efficiency of lentivirus vector because it was difficult to classify all the colonies into germ cell or somatic cell types. As a source of donor cells, we used fresh SSCs. Although infection of cultured cells would have enhanced the transduction efficiency, we could thus eliminate potential adverse effects of long-term culture or drug selection in assessing the fertility of sperm. For the infection method we initially used a retroviral vector because a lentiviral vector was originally reported to have comparable transduction efficiency in mouse SSCs [7] ; however, although we did obtain a few EGFP-expressing colonies for microinsemination, none of the EGFP-expressing round spermatids gave rise to transgenic offspring. Likewise, some of the offspring from the lentivirus experiments also did not have transgenes.
These results were unexpected, because we assumed that all EGFP-expressing round spermatids would give rise to transgenic progeny. In fact, we encountered a similar phenomenon in mice using the same experimental design [16] : only 51% of the progeny contained the EGFP transgene, despite using EGFP-expressing round spermatids for microinsemination. Several possibilities, including the small sample numbers or mosaicism of the transgene, cannot be excluded here because only tail samples from a small number of offspring were analyzed in these experiments. However, considering the relatively high frequency of nontransgenic offspring, we rather speculate that some of the round Polymerase chain reaction analysis of the EGFP transgene in the tail DNA of F1 progeny. Results from two microinsemination experiments are shown. Analysis was not performed for the ICSI experiment, because no offspring were recovered. B) Genomic DNA from the F1 progeny was digested with DraI and hybridized with an EGFP-specific probe. Note the variance in size of the hybridized bands, which indicate the different integration sites of the EGFP transgene. At least eight different integration sites were identified. Tail DNA from an EGFP transgenic mouse (green) was used as a positive control. C) Genomic DNA from female no. 9 and its offspring. Three of the offspring inherited both transgenes, but only one of them was found in one offspring (no. 4), indicating that the two transgenes segregated after mating. One of the F2 progeny (no. 2) did not show fluorescence and did not receive the transgene from the female founder (no. 9). spermatids used for microinsemination contained only EGFP mRNA or protein, which have been transported through intercytoplasmic bridges between premeiotic germ cells. Because EGFP expression could also be driven in meiotic cells if the transgene integrated in an autosome, these results highlight the difficulty in selecting transduced gametes based on diploid donor markers for microinsemination.
Despite our failure using a retroviral vector, transgenic offspring were successfully produced using a lentiviral vector. Although the proportion of nontransgenic offspring was higher than we expected, the efficiency of transgenesis with transgenic round spermatids was still significantly higher than that achieved by pronuclear DNA microinjection (6.2% vs. 1.1% in our previous study) [37] . These animals are the first transgenic offspring produced using xenogeneic surrogate animals. Lentiviral vectors are superior to retrovirus vectors in having higher transduction efficiency [6, 7] . Indeed, significant numbers of SSCs and testicular somatic cells were transduced by the lentivirus on a small scale without the need for a complicated viral concentration procedure. In this study, we also tried to improve egg activation using cycloheximide and ionomycin. Oocyte activation is critical for normal fertilization and embryo development when a round spermatid was used for microinsemination. Cycloheximide can prevent the reaccumulation of maturation-promoting factor, and it closely mimics normal fertilization [38] . These improvements to our experimental procedures led to the successful production of offspring. In previous studies, 17%-86% of the recipients produced transgenic offspring, but time required to produce first transgenic offspring and the efficiency of transgenesis varied significantly depending on the conditions of the recipients [9, 10] . However, the current approach enabled the production of offspring from small segments of the seminiferous tubules in a few recipients in a controlled manner. The variations in the EGFP expression probably reflect the position effect of the transgene in the genome or silencing of the lentivirus vectors, which have been reported recently from several groups [39] . In the most successful case, our preliminary experiments showed the possibility of producing transgenic offspring within 9 wk of germ cell transplantation.
Although these results are encouraging, several important issues remain to be resolved. First, we were able to obtain rat offspring using only freeze-thawed round spermatids, and no offspring were obtained by fresh round spermatid injection. Moreover, we were unable to produce any offspring using ICSI. These results suggest that the properties of xenogeneic germ cells are different from those of fresh cells from wild-type animals. One possibility is that freeze-thaw procedure may have selected spermatids of better quality, which may be more resistant to cryopreservation. Alternatively, freeze-thaw procedure may induce nuclear envelope breakdown of spermatids and facilitate fertilization. In addition to improving the microinsemination protocol, using transgenic rats with haploid or mature germ cell markers will also be helpful. Although rat spermatozoa can be identified by their distinct morphology, the use of EGFP as a marker facilitates rapid selection, and technical improvements to ICSI will further increase the efficiency of transgenesis. Second, improvements must be made in the culture of rat SSCs. In vitro drug selection will increase the efficiency of higher transgenesis, because about 50% of the sperm should carry the transgene [23] . Identification of additional self-renewal factors is believed to enhance their growth and extension of culture technique to a wide variety of animal species. Third, developing other xenogeneic animal recipient models is important. Although we were able to obtain xenogeneic hamster germ cell colonies in nude mouse recipients, the cells exhibited only a modest degree of spermatogenesis in the testes of the mice [15] . Moreover, previous studies indicated that xenogeneic spermatogenesis occurs only between genetically related animals, and that rabbit or bovine SSCs do not produce mature sperm in mouse testis [32] . Therefore, developing immunomodulatory protocols that effectively induce tolerance to the xenogenic donor cells is necessary because naturally immunodeficient animals are available in only a few animal species. Nevertheless, our results indicate that the use of mice as surrogates should facilitate rat mutagenesis using SSCs in the future because it will reduce the culture period and minimize the number of recipients necessary for producing transgenic offspring.
Rats are an important animal model in several areas of experimental medicine. Indeed, rat models provide more physiological data, and some transgenic rats have been found to more closely model certain human diseases than other experimental animals [40, 41] . This includes cancer, cardiovascular diseases, drug addiction, or neurological diseases. However, the lack of gene targeting techniques has severely limited their use. Considering the lack of ES cell technology in rats, SSCs are the next reasonable target. Although our knowledge of the rat genome is increasing rapidly, the methods available for handling rat germline cells, including SSCs, are still limited. The results obtained in this study represent the first step in solving one of the most important technical problems in SSC research. Success in this endeavor will help establish efficient strategies for genetic modification of the entire rat germline.
